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Summary
Agricultural management practices that promote net carbon (C) accumulation in the soil have been considered
as an important potential mitigation option to combat global warming. The change in the sugarcane harvesting
system, to one which incorporates C into the soil from crop residues, is the focus of this work. The main
objective was to assess and discuss the changes in soil organic C stocks caused by the conversion of burnt
to unburnt sugarcane harvesting systems in Brazil, when considering the main soils and climates associated
with this crop. For this purpose, a dataset was obtained from a literature review of soils under sugarcane in
Brazil. Although not necessarily from experimental studies, only paired comparisons were examined, and for
each site the dominant soil type, topography and climate were similar. The results show a mean annual C
accumulation rate of 1.5 Mg ha−1 year−1 for the surface to 30-cm depth (0.73 and 2.04 Mg ha−1 year−1 for
sandy and clay soils, respectively) caused by the conversion from a burnt to an unburnt sugarcane harvesting
system. The findings suggest that soil should be included in future studies related to life cycle assessment and
C footprint of Brazilian sugarcane ethanol.
Introduction
Sugarcane (Saccharum officinarum L.), a crop originating from
New Guinea, was one of the first tropical crops to be adapted to
large-scale farming. Sugarcane is a C4 plant that is highly efficient
in turning solar radiation into biomass. It is a perennial crop that is
harvested on an approximately annual cycle, with up to six cycles
before replanting. Sugarcane is currently produced commercially
in over 70 countries, with nearly 22 million ha harvested annually,
mostly between the 35 N and 35 S latitudes.
Brazil is currently the largest producer of sugarcane, being
responsible for one-third of that harvested in the world (FAO-
STAT, 2009), with an area of 7 million ha (CONAB, 2009).
A large part (85%) of the sugarcane cropped in the country is
concentrated in the south-central region, where Sa˜o Paulo state
is the main producer, with close to two-thirds of the Brazilian
cropped area of 3.8 million ha.
In the traditional sugarcane production system, burning residues
has been a common practice in order to facilitate the manual
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harvest and transport operations. After burning, the partially
burned tops are separated from the stalks and left on the field.
The burning of sugarcane biomass before harvest represents 11%
of all harvested residues burnt annually in the world (IPCC,
1995). The above-ground biomass is composed of approximately
60–80% stalks, and the rest are leaves and tops. According to
field experiments with controlled pre-harvest fires, 70–95% of
the dry matter of leaves and tops is lost with pre-harvest burning
of sugarcane (Mitchell et al., 2000). Part of the charcoal produced
during the burning events is carried by air currents, reaching the
surrounding areas. As well as the nuisance of charcoal deposition
in residential areas, there is evidence of a link between sugarcane
residue burning and respiratory diseases affecting the population
living in areas close to the sites of production (Canc¸ado et al.,
2006). The release of <4 μm silica minerals found within ash
and aerosols produced by burning sugarcane can cause respiratory
diseases (Le Blond et al., 2008).
In addition to direct human health effects, there are envi-
ronmental impacts related to burning sugarcane residues. For
example, large concentrations of dissolved organic carbon (C) in
the atmosphere have been measured in sugarcane production
regions (Coelho et al., 2008). Crutzen & Andreae (1990) have
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linked biomass burning to regional production of O3 and
photochemical smog, increased acid deposition and a potential
loss of fixed nitrogen (pyro-denitrification). Further, the burning
season coincides with the South American dry season. As water
is used to keep the cities clean, this decreases water lev-
els in the hydroelectric dams that supply about 85% of the
nation’s energy.
For environmental, agronomic and economical reasons, the
manual harvest of sugarcane preceded by burning has been grad-
ually replaced since 1990 by mechanical harvesting, with the
dry leaves and tops (trash) being retained on the field, in a
system called green cane management. The green management
of sugarcane is thus characterized by the deposition of large
amounts of plant litter on the soil after each harvest, amount-
ing to 10–20 t ha−1 of dry matter. The resultant mulch has
impacts on the whole production process of sugarcane, influenc-
ing yields, weed control, fertilizer management, soil erosion, soil
water infiltration rates and soil organic matter dynamics, among
other factors.
There is, currently, much knowledge about soil organic carbon
(SOC) dynamics under production systems including pre-harvest
burn. Nevertheless, there is little information available on the
green cane management effect on SOC, because it has only
recently been adopted. The area currently planted with sugarcane
in Brazil is undergoing significant expansion because of a growing
demand for bioethanol, driven by environmental, geopolitical and
economic issues. Most of the new areas are being managed
without pre-harvest burning and with trash retention. It is
necessary, therefore, to study the effects of maintaining the
sugarcane residues on the soil, in order to develop optimal
agronomic and environmental management.
The sugarcane production area in Brazil can be categorized into
long-term fields cultivated with sugarcane and recently (less than
5 years) converted areas. The burnt sugarcane system was almost
exclusively practised on the long-term fields, and the scope of the
present study is limited to the area traditionally cultivated with
sugarcane, which provides the only available data. Therefore, the
main objective of the study was to assess and discuss the changes
in SOC stocks caused by the conversion of burnt to unburnt
sugarcane harvesting systems in Brazil, including the main soils
and climates in which this crop is produced.
Methods
The dataset
The dataset used in this study was obtained from a literature
review of the influence of harvest without burning on SOC content
in the soils under sugarcane in Brazil. All selected locations
(12) provided data on SOC stocks (or C concentration and
soil bulk density, which could be used to calculate the stocks),
depth of sampling and time since the management change. The
studies were observational rather than being based on agronomic
experiments, and were paired comparisons: each site within a
paired comparison was similar with respect to dominant soil type,
topography and climate. A summary of all data used in this paper,
with information about location, geographical coordinate, soil type
and study source, is provided in Table 1.
Most of the sites are located in Sa˜o Paulo state; one data point
is from Goia´s state in the central region of Brazil, and another one
from Pernambuco in the northeast region. The predominant soil
orders in our dataset are the Ferrasols, which represent 75% of
the total; the rest of the data points include one Chromic Luvisol,
one Ferric Alisol and one Haplic Arenosol (Table 1).
Rates of carbon change
The annual rates of change in C stock for the two harvesting
systems considered were calculated by comparing areas in pairs.
Each pair comprised adjacent areas with the same soil type, similar
texture and management, except for the harvesting system. The
areas with pre-harvest burning were considered as the reference
Table 1 General site characteristics
Location
Site City State
Geographical
coordinate Soil type (FAO) Source
1 Mata˜o SP 21◦36S, 48◦22W Ferric Alisol Cerri et al. (2004)
2 Serrana SP 21◦12S, 47◦35W Haplic Arenosol Cerri et al. (2004)
3 Jaboticabal SP 21◦19S, 48◦11W Haplic Ferralsol Souza et al. (2005)
4 Mata˜o SP 21◦36S, 48◦22W Haplic Ferralsol Cerri et al. (2004)
5 Timbau´ba PE 08o02S, 35o55W Chromic Luvisol Resende et al. (2006)
6 Goiane´sia GO 15◦19S, 49◦07W Rhodic Ferralsol Szaka´cs (2007)
7 Ourinhos SP 22◦58S, 49◦52W Rhodic Ferralsol Szaka´cs (2007)
8 Prado´polis SP 21◦22S, 48◦ Rhodic Ferralsol Cerri et al. (2004)
9 Prado´polis SP 21◦22S, 48◦03W Rhodic Ferralsol Szaka´cs (2007)
10 Prado´polis SP 21◦22S, 48◦03W Rhodic Ferralsol Czycza (2009)
11 Prado´polis SP 21◦22S, 48◦03W Rhodic Ferralsol Galdos et al. (2009b)
12 Prado´polis SP 21◦22S, 48◦03W Rhodic Ferralsol Czycza (2009)
SP = Sa˜o Paulo; PE = Pernambuco; GO = Goia´s.
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system, and were compared with areas with mechanized harvest
without burning and with the maintenance of crop residues on
the soil surface. We assumed that the pre-harvest system was
near equilibrium when conversion occurred. This is nearly always
the case because in most situations sugarcane was cropped for
more than 20 years, and Cerri et al. (2005), using isotopic studies,
showed that after a sharp decline, there is stabilization to a new C
stock level. Thus, the rates (Mg ha−1 year−1) of C change were
estimated using the following equation:
Rate = (SOC unburnt − SOC burnt)/T , (1)
where SOC unburnt is the C stock in the areas without burning,
SOC burnt is the C stock in the areas with pre-harvest burning,
and T represents the time (in years) since adoption of the green
management system. In addition to the mean general rate of C
change for the complete dataset, we also calculated two rates
of C change for two soil groups, one with clay content equal
to or below 35% and another one with clay content greater
than 35%.
The SOC stocks were calculated by multiplying the C
concentration (g g−1) by bulk density (ρ, kg cm−3) and layer
thickness (m). SOC values were corrected on an equivalent-mass
basis according to the method described in Moraes et al. (1996),
by including the amount of soil mass in the unburnt systems that
was equivalent to the mass within in a 30-cm depth of burnt
systems. A summary of all data used in this analysis is provided
in Table 2.
Management factors
As well as the rates of C change, our dataset was analysed with a
linear mixed-effect modelling approach, a regression analysis that
includes both fixed and random effects (Pinheiro & Bates, 2000).
The response variable was a ratio of the mean SOC storage under
the unburnt system to mean SOC storage under the burnt system.
Fixed effects were used to account for the influence of soil type,
depth and time since management change. Soil type was treated
as an indicator variable.
Random-effect variables were used to account for dependencies
in multiple measurements within the same study. The random
effect for study is a latent random variable common to all
observations from the same study (for different depth increments
and sampling times), but independent across different studies,
capturing the correlations among measurements from the same
study (Pinheiro & Bates, 2000; Ogle et al., 2005).
In order to include each depth increment in the dataset, we
adopted the procedure described in Ogle et al. (2004), forming
two regressors (x1 and x2) from the largest and smallest values of
an increment based on a quadratic function (assuming impacts are
greatest at the surface and decline with depth in the profile). The
mean SOC stock ratio for a single increment was an integral from
the upper to lower soil depth of the quadratic function divided by
Table 2 Locations used to evaluate the sugarcane harvest system effects and changes in soil carbon
Clay content Carbon stock Annual carbon
Site
Time
span Burnt Unburnt Burnt Unburnt Stock change
Year ————— / % ————— ————— / Mg ha−1 ————— / Mg ha−1 year−1
Sandy soils
1 4 21 20 33.7 38.7 1.25
2 4 09 10 28.8 32.5 0.93
3 4 28 28 34.6 40.4 1.45
4 12 34 34 59.0 57.3 −0.14
5 16 20 20 53.6 56.2 0.16
Mean — — — — — 0.73
Clay soils
6 3 56 51 49.8 56.6 2.27
7 4 72 71 60.7 68.4 1.93
8 4 68 66 68.0 77.5 2.38
9 6 67 70 69.8 82.9 2.18
10 6 69 66 44.4 57.5 2.18
11 8 67 78 50.1 64.4 1.79
12 12 68 64 60.4 79.5 1.59
Mean — — — — — 2.04
Overall
mean
— — — — — 1.50
The results are for the 0–30-cm soil layer.
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thickness of the increment. The quadratic function was integrated
across depth increment using:
x1 = (L2 − U2)/(2 × (L − U)), (2)
x2 = (L3 − U3)/(3 × (L − U)), (3)
where L (cm) represents the lower depth of the increment and
U (cm) represents the upper depth. This approach allowed us to
deal with measurements across a variety of depths and to develop
models from the data without losing information from aggregation
of increments or interpolation to a standard set of depths.
The management factor was derived based on the integrated
effect of management for the top 30 cm of the profile (IPCC,
2006) after 10 years following the management change. Uncer-
tainty was based on the predicted standard deviation of the factor
value. The statistical analyses were performed using SPLUS 8.0
software (Insightful Corporation, Seattle, Washington, USA).
Results
Rates of carbon change
Table 2 shows a mean annual C accumulation rate of 1.5 Mg ha−1
year−1 for the first 30-cm depth, resulting from the conversion
from burnt to unburnt sugarcane harvesting. When treated as two
sets, the available data showed, as expected, a greater mean C
accumulation rate (2.04 Mg ha−1 year−1) for clayey soils than for
sandy soils (0.73 Mg ha−1 year−1). Therefore, the mean annual
rates of change in C were positive, indicating an increase caused
by the green cane management.
There was no clear pattern between annual C stock change and
time-span within the same harvest system. However, a clear trend
was observed between texture and C stock changes (Figure 1).
The clusters shown in Figure 1 emphasize the C stock changes
for sandy soils and clayey soils.
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Figure 1 Rate of carbon stock change (Mg C ha−1 year−1) in relation to
soil clay content (%), considering all the areas in the dataset. Areas without
replanting are represented by , and areas with replanting are represented
by .
Management factor
We found that on average SOC stocks in areas with trash retention
increased by a factor of 1.24 ± 0.094 compared with SOC
stocks in areas with pre-harvest burning. However, 58% of the
observations (7 out of 12 locations) were from Rhodic Ferralsols
and, moreover, 83% (10 out of 12) were located at the Sa˜o
Paulo state (Table 1), suggesting that our findings were clearly
more related to management effects for this soil type and for
the climate conditions of Sa˜o Paulo state and similar regions.
The predominance of data from Sa˜o Paulo state is related to the
geographical distribution of sugarcane cropping in the country. In
the 2008 crop year, 62% of the sugarcane in Brazil was harvested
in Sa˜o Paulo state (CONAB, 2009).
Discussion
Rates of carbon change
The overall increase in soil C stocks (Table 1) in the system
with trash retention is mainly related to the large input of
organic material in the green cane management system for
sugarcane production (Cerri et al., 2010). There is an annual
input of 10–20 Mg of dry matter (5–10 Mg C) left on the
soil surface, formed of dry sugarcane leaves and tops. As the
litter is decomposed, some of the C is emitted as CO2 into the
atmosphere, and some is incorporated into the soil, increasing
stocks. This increase in stocks has been observed in experiments
in other countries, under various climate and soil conditions. Wood
(1991), in trash management experiments in Australia, measured
SOC contents that were 20% greater in the 0–10-cm depth in
areas without burning compared with areas with burning. Also
in Australia, Vallis et al. (1996) described a steady increase in C
stocks in unburnt plots, and no change over a 4-year period in
adjacent burnt areas. In a long-term experiment in South Africa,
stocks in the 0–10-cm soil layer were greater in the unburnt
plots than in the burnt plots after 60 years (Graham et al., 2001).
The positive correlation between the maintenance of sugarcane
trash and the increase in soil organic matter content can be
influenced by several factors, such as time since adoption of the
unburnt treatment harvest, soil texture and soil disturbance in the
replanting period.
The time since adoption of the green cane management system
has an impact on the potential increase in soil C storage. For
example, in experiments in Australia and Brazil measuring SOC
concentration under burnt and unburnt sugarcane, there was no
significant difference between treatments after 12 months (Blair
et al., 1998). In contrast, Robertson (2003) describes greater soil C
concentration in the 0–10-cm depth in unburnt areas in Australia
after 4–6 years, but not in areas recently converted to green cane
management (1–2 years). Thus, other SOC pools, such as labile
C, microbial biomass C and particulate organic matter C, are
more sensitive to changes in litter management in the short term
than total C content (Galdos et al., 2009b), and could be used to
improve understanding about the sugarcane harvest systems.
© 2010 The Authors
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Figure 1 illustrates the influence of soil texture on soil C
storage potential. The two main groups formed, delineated by the
dashed lines, correspond to two distinct textural classes. The clay
concentration of the first group of soils ranges from 10 to 34%, and
they can be classified as sandy soils. The second group has larger
clay contents (from 54 to 73%) and can be classified as clay soils.
It is apparent that the clay soils have the largest annual rates of C
storage. The two distinct groups reinforce the importance of soil
texture regarding the potential for soil C sequestration. The strong
correlation between SOC and soil texture, mainly clay content
(Silver et al., 2000) or clay + silt content (Hao & Kravchenko,
2007), is well established.
Another observation can be made about Figure 1 with regard
to the distribution of the data points. In most of the areas
there is one crop cycle, comprising one cane crop followed by
consecutive ratoon crops (the new cane that grows from the
stubble after harvesting and can be harvested up to five times
before replanting). The two exceptions are areas number 4 and 5
(Table 2), which had the following procedure: the destruction of
the stubble from the last ratoon crop harvested, the preparation
of the soil (ploughing and/or harrowing), and the planting of the
seed stalks for the next cropping cycle. These operations cause
substantial soil disturbance. The positive correlation between soil
tillage and increased SOC mineralization has been observed in
several studies, being attributed mainly to the destruction of soil
aggregates and the subsequent exposure of organic material to
biota (Six et al., 2002). Furthermore, the lack of vegetative cover
after the harvest can cause significant topsoil (and thus organic
matter) losses, especially when coupled with precipitation events
causing erosion. Sparovek & Schnug (2001) estimated soil erosion
rates of 31 Mg ha−1 year−1 in sugarcane fields with pre-harvest
burning and intensive tillage at replanting in a watershed in
Piracicaba, Brazil.
Therefore, in this context, area 4 presented a negative C change
rate (−0.14 Mg ha−1 year−1), and area 5 had a rate of C change of
0.16 Mg ha−1 year−1. Thus, these values differed from each other,
and from those for the sandy soils (mean, 0.73 Mg ha−1 year−1)
and for the clay soils (2.04 Mg ha−1 year−1), and also the
overall mean (1.5 Mg ha−1 year−1). These results indicate that
the replanting event in areas 4 and 5 caused the mineralization of
all or the most of the SOC stored after the retention of trash,
and potential C losses caused by erosion. Vallis et al. (1996),
in an experiment with unburnt sugarcane in Australia, reported
a sharp reduction in SOC after soil disturbance in the replanting
period. Bell et al. (2001) reported significant increases in response
to residue retention in the top 2.5-cm layer during late ratoon crops
but no differences between burnt and residue-retained systems
in plant crops, after land preparation. It is important to note
that both areas are in sandy soils, where the interaction between
SOC and sand fraction is recognized as being weak, suggesting
that the impact of replanting practice on clayey soils could be
less significant. However, additional research is required to fully
understand the influence of harvest management as well as soil
texture on SOC storage in sugarcane regions.
Management factor
It is important to note that because of limitations in available data,
it was only possible to derive a management factor for 10 years of
unburnt sugarcane systems. The green cane management system
is relatively new in Brazil, with very few farms having more
than 10 years of this practice. In the future, using long-term
data from early adopters of green-cane management, it will be
possible to derive 20-year management factors, in line with IPCC
(2006) guidelines.
If our management practice for sugarcane trash retention is com-
pared with other managements derived for conservationist reasons,
such as no tillage and pasture improvement in the southwest of
the Brazilian Amazon, it is found that the adoption of the sug-
arcane harvest system without burning and with maintenance of
crop residues on the soil presents a greater potential for increased
SOC storage. For example, adoption of no tillage in the Cerrado
region following conversion to cropland increased SOC storage
by a factor of 1.08 ± 0.06 relative to SOC stocks under native
conditions (Maia et al., 2010). Likewise, the conservative manage-
ment as well as the improvement of grasslands can result in an
increase varying from 19 to 24% of SOC stocks when compared
with native conditions (Maia et al., 2009).
Conclusions
The sugarcane harvest system without burning accumulates C into
the soil surface in comparison with the system with burning. This
accumulation varies according to the soil texture; thus, clay soils
had a mean annual C accumulation rate that was approximately
three times greater than sandy soils. Estimates from the 12 sites
evaluated here indicated a mean annual C accumulation rate
of 1.5 Mg ha−1 year−1 for Brazil. Despite the fact that SOC
measurement is concentrated in the centre-south region of Brazil,
data from other areas, not only in this region but also from
the northeast part of the country, should be obtained for future
assessments. The area cropped with sugarcane expanded by 2 Mha
in the last 5 years, mostly on old and/or degraded pasture. Further,
it is also planned that there will be an increase of 3.9 Mha in the
area of sugarcane by 2020 in Brazil (Cerri et al., 2010). Therefore,
it must be also stressed that there is an urgent need to evaluate
the SOC storage rate for these newly converted areas: attainable
SOC levels may depend on the level of degradation of the land
prior to conversion.
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